Abstract -The observer design for estimation of back EMF to control the Brushless DC (BLDC) motor is proposed in this paper. Rotor position of the BLDC motor is estimated using the sequence of estimated back EMF. During speed reversal of motor, the actual and estimated values of speed fail to track the reference speed and if corrective action is not taken by the observer, the motor goes into the unstable region. To overcome this problem, the speed estimation algorithm is proposed for BLDC motor control during its speed reversal operation. Infinite Impulse Response (IIR) Butterworth first order low-pass filters are used in the observer for smoothing the estimated back EMFs of the BLDC motor. A new controller scheme based on Modified Hybrid Fuzzy PI (MHFPI) controller is proposed to control the speed of the BLDC motor. The effectiveness of the proposed method has been validated through simulations for different disturbances such as step changes in the reference speed and load torque of the motor and results are compared with the existing methods.
I. INTRODUCTION
In the BLDC motor, position sensor presents numerous disadvantages, such as increase in machine size, reduction in reliability, higher value of noise, etc. In order to remove the position sensor from the BLDC motor, various methods have been proposed for its sensorless control [1] - [6] . In most of the proposed methods, the performance of motor gets deteriorated during transient state, low speed operating range and at the time speed reversal. The rotor position estimation error decreases the starting torque; consequently, it increases the time needed for start-up, especially in the direct torque control (DTC) of PM motors [7] . So, it is important that the rotor position estimation error be minimized.
Asaei and Rostami [8] presented an estimation method based on the variation in current due to the saturation of the stator core. The error in estimated rotor position is around 6° during starting. Stirban et al. [9] proposed a speed and position observer for sensorless control of PM BLDC motor using estimation of line-to-line PM flux linkage. In this method, the speed error is very high and the estimated rotor position error is around 3-4° electrical. Terzic and Jadric [10] proposed a speed and rotor position estimation method of a BLDC motor using extended Kalman filter. This method has very large estimated rotor position error for below rated speed of the motor. Rostami and Asaei [11] proposed a method for the initial rotor position estimation of PM motors based on the saturation effect. This method has the maximum estimated rotor position error of ±3.75°.
The rotor position can be determined from the  components of back EMF [12] . Methods for constant current models of BLDC motor has been discussed in [13] to obtain good torque-speed characteristics.
Four Quadrant operation of the BLDC motor was explained in many papers for sensor based BLDC motor drive [14] - [16] . The direction of motor speed can be controlled from the position of the hall sensors. In sensorless operation of the BLDC motor drive, speed and position can be estimated with the help of the estimated back EMF.
The main objective of this paper is to develop a solution to control the dynamic behaviour of the BLDC motor and also to minimize the estimated rotor position error when it rotates in the reverse direction. When the motor rotates in the reverse direction, the behaviour of the motor is distorted and the motor may be dragged to unstable region. To overcome this problem, the speed estimation algorithm is proposed in this paper to control the dynamic behaviour of the motor in both the directions.
Nowadays, the Proportional Integral (PI) controllers have been commonly used but they are not suitable for non-linear and complex systems which can't be represented with the exact mathematical models. In such cases, fuzzy logic-based controller can be the better alternative of the PI controller. Shanmugasundram et al. in their paper [17] proposed design and implementation of a fuzzy controller for controlling the speed of the BLDC motor, in which the comparison between the fuzzy and PID controller has been presented. In recent years, a hybrid fuzzy logic controller was proposed for the induction motor, synchronous motor and BLDC motor drive [18] - [20] , respectively.
In this paper, the back EMF of the BLDC motor is continuously estimated using an unidentified input observer. The rotor position is estimated using the sequence of estimated back EMF and with the help of the speed estimation algorithm. Infinite Impulse Response (IIR) Butterworth first order lowpass filters are used in an observer for smoothing the estimated back EMFs [21] . The Modified Hybrid Fuzzy PI (MHFPI) controller is used to control the speed of the motor. From simulation results reached in this paper, the maximum estimated rotor position error observed is less than 1° electrical.
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II. OBSERVER DESIGN FOR BLDC MOTOR
The equation of the three phase voltages of the BLDC motor can be expressed as (1) [22] , [23] . The line-to-line voltage equations can be represented by (2) .
where z indicates line-to-line quantities of the BLDC motor. Normally speed and position are measured with the use of sensors. Whereas the proposed approach estimates speed and position using back EMF estimation.
A. Back EMF Estimation
The time derivative of the stator current can be represented in (3) with the use of (2) .
The back EMF of the BLDC motor can be estimated using an unknown input observer [24] . The generalized estimation of back EMF for three-phase BLDC motor can be represented by (4) . 
If the gains of the observer are selected properly, this observer can accurately estimate line-to-line currents and backEMFs of motor.
B. Rotor Speed Estimation
The estimated rotor speed ( m  ) is expressed as the ratio of estimated back EMF to torque constant and is given in (6) .
where ê is the absolute and maximum value of three estimated back EMFs, p  is the flux linkage established by magnets and P is the number of poles. Torque constant KT is given by (7) [25] .
When the reference speed is positive, the actual and estimated speed successfully track the reference speed. On the other hand, they fail to track the reference speed when it becomes negative. During this situation, if corrective action is not taken by the observer, the motor goes into unstable region. This problem cannot be solved by using only (6) . Therefore, to overcome this difficulty, the proposed algorithm is suggested to control the dynamic behaviour of the BLDC motor. (8) and is shown in Fig. 2. ( ) ( ) ( ) • if the error signal
III. PROPOSED ALGORITHM FOR BLDC MOTOR
is strictly greater than zero and its previous value
was strictly less than or equal to zero, the PI controller will work;
• if the previous value of error signal is strictly greater than zero, the PFPI controller will work. The parameters of the BLDC motor used for MATLAB simulation are shown in Table III . Fig. 5 shows dynamic responses of speed, torque, estimated line-to-line back EMF and rotor position for different step changes in reference speed with zero load torque.
Electrical, Control and Communication Engineering
The step change in reference speed is applied from zero to 300 rpm at t = 0 s, the motor speed and subsequently the estimated back EMFs start increasing and attain the steady state value within 0.1 s. Again, the disturbance is applied in reference speed from steady state speed to −300 rpm at t = 0.3 s. It is observed from Fig. 5 that motor speed smoothly decreases from 300 rpm to 0 rpm, but it shows peculiar response after crossing zero rpm and starts rotating in the negative direction. The motor fails to attain the reference speed for this negative step change. The application of the proposed algorithm can successfully solve this problem. To validate the effectiveness of the proposed algorithm, two types of disturbances (i) step change in reference speed keeping load torque zero and (ii) step change in load torque with different reference speed are considered. The simulation results for these disturbances with the proposed algorithm are presented in the subsequent section.
A. Step Change in Reference Speed Keeping Load Torque Zero
The variations in speed, torque and Zero Crossing Point (ZCP) for the estimated back EMF, estimated rotor position and estimated commutation signal are shown in Figs. 6 to 8 following the step change in reference speed from 300 rpm to −300 rpm, 100 rpm to −100 rpm and 500 rpm to −500 rpm, respectively. From Fig. 6 , it can be observed that the motor performance remains the same up to 0.3 s, which was discussed in Fig. 5 . The motor can successfully attain the reference speed of −300 rpm at t = 0.5 s even in negative direction of rotation. This shows the effectiveness of the proposed algorithm that makes the operation of the motor possible even in reverse direction of rotation, which could not be the case earlier as shown in Fig. 5 . 
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show negligible error between actual and estimated speed during the steady state. These errors during transient period do not exceed beyond 1.7 %, 5 % and 1 % while motor operates at rated, below rated and above rated speed, respectively.
MHFPI controller successfully limits the overshoot in speed during the transient period and suppresses the oscillations as quickly as possible. Accurate tracking of actual torque and reference torque is also achieved during forward as well as reverse rotation of the motor as shown in Figs. 6(b),  7(b) and 8(b) .
The change in phase sequence of the estimated back EMFs and the rotor position can be clearly observed from Figs. 6(c), 7(c) and 8(c) with the rotation of the motor in the negative direction, which follows the discussion of Fig. 1 (b) . In this paper, ideal commutation points are obtained from the lineto-line estimated back EMFs. The obtained ZCPs are inherently in phase with the estimated commutation signals as well as the estimated rotor position. It can be seen that the commutation is occurred when the estimated back EMF of phase 'bc' is crossing zero and the remaining two lines estimated back EMFs have the same magnitude but different direction. Fig. 7 . Dynamic response of (a) speed (b) torque and (c) ZCP of back EMF, rotor position and commutation signal for step change in speed from 100 rpm to −100 rpm. 
B. Step Change in Load Torque with Different Reference Speed
Figs. 9 to 11 show the dynamic response of speed, torque and ZCPs for the estimated back EMF, estimated rotor position and the estimated commutation signal for three different speeds. In Fig. 9 , the motor behaviour is the same as discussed in the previous subsection up to 0.3 s. Now the disturbance is applied in load torque from no-load to 10 N m at t = 0.3 s keeping reference speed at 300 rpm constant. At this instant, the motor's actual and estimated speeds are reduced around 3 rpm and the motor attains the reference speed again within 0.03 s to 0.04 s, which can be seen from Fig. 9 (a) . Again, the disturbance is applied in load torque from 10 N m to −10 N m at t = 0.5 s, the motor speed slightly increases and again attains the reference speed within the short time. Similar effects can be seen in Figs. 10 and 11 when the motor operates at below and above rated speed, respectively. The comparison between actual and estimated speed is shown in Figs. 9(a) , 10(a) and 11(a) for three different cases under considerations.
Accurate tracking of the actual torque and reference torque is also achieved during transient as well as steady state for all three cases, as shown in Figs. 9(b), 10(b) and 11(b), respectively. As the variation in the motor speed is very low, the actual and estimated back EMFs are almost constant in steady state throughout the simulation. From Fig. 12 , it is observed that the estimated rotor position error is 0.15°, 0.42° and 0.7° electrical for step change in reference speed from 100 rpm to −100 rpm, 300 rpm to −300 rpm and 500 rpm to −500 rpm, respectively, for no-load condition. From Fig. 13 , it can be seen that the estimated rotor position error is 0.155°, 0.45° and 0.7° electrical for below rated, rated and above rated speed, respectively, when step change in load from no-load to 10 N m and from 10 N m to −10 N m is applied.
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C. Comparative Evaluation of the Proposed Scheme with the Existing Schemes
The rotor position estimation error decreases the starting torque; consequently, it increases the time needed for start-up, especially in the direct torque control (DTC) of PM motors [7] . So, it is important that the rotor position estimation error be minimized. Comparative evaluation of the proposed scheme has been carried out with the existing schemes [8] - [11] in terms of the estimated rotor position error. An estimation method based on the variation in current due to the saturation of the stator core is presented in [8] . It is observed from Fig. 10 of existing scheme [8] that the estimated rotor position error is around 6° electrical during starting. Speed and position observer for sensorless control of PM BLDC motor using estimation of line-to-line PM flux linkage has been discussed in [9] . The speed error is very large and estimated rotor position error is around 3-4° electrical, which is observed from Fig. 10 of existing scheme [9] . The speed and rotor position of BLDC motor are estimated in [10] using extended Kalman filter. It can be seen from Fig. 7 of existing scheme [10] that the estimated rotor position error is very large and is around 12-16° electrical for below rated speed of the motor. The initial rotor position estimation of PM motors based on saturation effect has been proposed in [11] . The maximum estimated rotor position error is ±3.75° electrical which is mentioned in Table I of the existing scheme [11] . Conversely, from Fig. 12 and Fig. 13 of this paper, it can be seen that the error given by the proposed scheme is less than 1° electrical during transient as well as steady state conditions for all speed variations (below rated, rated and above rated speed) even with no-load/full load situation. This shows the effectiveness of the speed estimation algorithm, controller and observer design.
VI. CONCLUSION
This paper presents an approach for sensorless control of the BLDC motor using an unidentified input observer. The rotor position is estimated using the sequence of estimated back EMF and with the help of speed estimation algorithm without any additional hardware. It is observed that without using the proposed algorithm, the motor goes into unstable region during reversal of the motor speed. Hence, a speed estimation algorithm is proposed to get better performance even in reverse rotation of the BLDC motor. The obtained ZCPs of the estimated back EMFs are inherently in phase with the estimated commutation signals as well as the estimated rotor position. From simulation results, it is concluded that the proposed algorithm, controller and observer satisfactorily work in both rotational directions and the error between actual and estimated rotor position is less than 1° electrical in transient as well as in steady state conditions. The obtained results have been validated for rated, below rated and above rated speed of BLDC motor under different loading conditions.
